ABSTRACT. Sandwiching the radiography film between lead screens is a very common practice in either industrial or medical radiography. The motive behind this practice is to increase the efficiency of the energy deposition into the film. In contrast with the medical radiography, the cases brought into the attention of the industrial radiographers show a large variation and screenfilm-screen combination designed for one case can not be the optimum choice for another case. In this work, lead screen impact on the image formation has been analyzed through Monte Carlo computations for a large variety of combinations. General trends that need to be taken into consideration in film-screen designs have been determined.
INTRODUCTION
Radiographic film is the most widely used detector type with the radiographic studies in both industrial and medical settings. Although there are new trends to replace radiographic film with amorphous silicon detectors in the medical world, resolution provided by radiographic film is still unmatched. In spite of this, it also comes with some of its own disadvantages.
One of these is poor efficiency of radiographic film in absorbing x-rays. Since detection is a direct function of absorbing x-ray photons, low absorption efficiency of the radiography results in low detection efficiency. As a result, longer exposures are required to obtain proper film density levels. This is not an acceptable approach for various reasons. In the medical setting, longer exposures mean larger doses absorbed by the patients. In the industrial setting, this brings in increased inspection costs that will make the inspection process quite unpopular. An old recipe for overcoming this difficulty is to sandwich the radiographic film between screens to increase the x-ray absorption efficiency. In medical setting, this strategy is implemented by using fluorescent screens. The industrial radiography implementation is done by using screens made from lead, lead oxide and copper. In contrast with the medical implementation, the output of the screens used in the industrial radiography is an electron flux rather than fluorescent radiation. Although there are some rules of the thumbs used in the screen utilization in the industrial radiography, those rules don't seem to be mature enough to provide optimized screen values. In addition, it is also claimed that screens preferentially absorbs scattered photons that are typically less energetic than the uncollided flux photons and this is instrumental in increasing the spatial resolution of the film by eliminating the scattered flux [1, 2] . When combined with such a claim, it shows that there is more room for further study of the screens in the industrial radiography. In this work, we have looked at the impact of the lead oxide screens on the image formation by using Monte Carlo simulations and tried to understand the general trends.
BACKGROUND

Image Formation
Photographic image formation starts with latent image formation and then the latent image is transformed into a permanent optical image through chemical processes. In general, Gurney-Mott theorem is accepted to be explaining latent image formation adequately [1] . According to this theorem, AgBr in emulsion forms cubic crystals where Ag has lost an electron to Br. Therefore, grains in emulsion are made up of Ag + and Br" ions. The electrons that were released into the medium after receiving kinetic energy as a result of Compton and photoelectric interactions between incident photons and matter may become trapped at the sites of imperfection present in the cubic crystals. These electrons may combine with the Ag + ions and convert them into metallic atoms. Grains with metallic Ag atoms are developed into metallic silver aggregates through chemical processes and final optical image forms through this chemical process. Therefore, it is the electrons but not the photons that are responsible for the latent image formation.
Energy Spectrums
One of the important parameters that have a definitive impact on the image formation is the energy spectrum of the incident photon flux. As it is widely known, photon matter interaction rates at low energy levels are significantly high. As photoelectric absorption forms the bulk of these interactions at low energy levels, Compton scattering surpasses photoelectric interaction mechanism at higher energy levels. Figure 1 displays three energy spectrums obtained through simulations [3, 4] . One of them is the energy spectrum for a photon flux incident upon a 1 cm. thick steel plate. The scale for the incident spectrum is given on the right vertical axis. This spectrum is a typical spectrum for a x-ray tube operating at 200 kV. The other two spectrums belong to uncollided flux and scattered flux incident upon the detector that was placed adjacent to the steel plate. The scale for these two spectrums is given on the left vertical axis. As it is seen, the lower part of the incident spectrum has been totally wiped off. Another important point with the uncollided and scattered flux spectrums is that the energy shift between two is relatively small. This implies that in contrast with some claims, intensifying screens can not preferentially attenuate scattered flux. 4 Energy (keV) FIGURE 1. Incident, uncollided and scattered flux spectrums from 1 cm. thick steel plate case with x-ray tube operating at 200 kV.
Energy Transfer
Energy transfer to electrons takes place through two mechanisms. One of these is photoelectric absorption. Once the binding energy of the electron is taken off the incident photon energy, the remaining energy is transferred to the electron as kinetic energy as shown in equation (1).
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The second mechanism for energy transfer is incoherent scattering. In this case, the amount of energy transferred to the electron is a function of the scattering angle, (p. The relationship between energy transfer and scattering angle is shown in equation (2).
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Monte Carlo Methods
Transport problems can be solved by using two methods. One of these is deterministic approach and the other one is the stochastic approach. Monte Carlo methods are based on the stochastic approach where interaction probability functions are sampled thorough implementation of random number generators and interaction rates are calculated. There has been a steady progress in the Monte Carlo methods since the second half of the 1940's where the first Monte Carlo method has been used and named by Neumann. It has been applied to photon transport problems in 1950's. In the 1960's, Monte Carlo has been applied to charged particle transport problems. Since then Monte Carlo methods have been applied to many engineering and scientific problems. In addition to many application oriented Monte Carlo codes, there are some general purposes Monte Carlo codes that have been developed over the time. Some of these general purposes Monte Carlo codes are EGS4 [5] , MCNP [6, 7] . In this work, we have used MCNP version MCNP4B2. The newest version MCNP is MCNP4C2.
METHOD
A typical industrial x-ray film is made up of a base material with silver halide emulsion on both sides. The typical base material is plastic and it is about 0.18 mm thick. The emulsion is usually a gelatin that contains radiation sensitive silver compound. The overall thickness of a typical x-ray film together with double emulsion layers is around 0.25 mm. In our case, we used a generic film structure shown in figure 2. In this problem, base material was assumed to be made up of 0.04196 hydrogen, 0.625016 carbon, 0.33024 oxygen with a density of 1.38 gr/cm 3 . Its thickness was taken as 0.2 mm. Emulsion composition was taken as 0.0305 hydrogen, 0.0721 nitrogen, 0.1632 oxygen, 0.2228 bromine and 0.3007 silver. The density of the emulsion has been used as 2.2 gr/cm 3 . Thickness of each emulsion layer was 0.02 mm. The intensifying screen was PbO with a composition of 0.07168 oxygen and 0.92832 lead. The density is 11.35 gr/cm 3 . The thickness of the intensifying screen was varied.
Although x-ray tube beams are polychromatic beams, we used monoenergetic beams. The reason for that was to be able to understand the mechanics of photon, electron interactions with the material as a function of energy. When polychromatic beam is used, all interactions are integrated into a sum and it is difficult to understand the impact of the energy levels. 
RESULTS
Although the electrons form the latent image, the electron production is driven by the photon attenuation in the film and the intensifying screen. Therefore, we started with determining photon attenuation characteristics as a function of photon energy and screen thickness levels. Figure 3 shows variation of photon attenuation levels with penetration distance in the film as a function of these two parameters. The first region separated by the dashed line shows where the front emulsion layer is. The second region is the base region and the third region is the back emulsion layer. Each case illustrates the attenuation for 0, 1, 3 and 5 mil front screens without any back screens. One general conclusion that can be drawn from these graphics is that photon attenuation through the film is, in general, very poor. There seems to be some attenuation of 50 keV photons primarily in the emulsion layers but this attenuation disappears immediately as the photon energy is increased to 100 keV. As it is seen in 100 and 250 keV graphics, the attenuation through intensifying screens decrease rapidly. Although less photon attenuation means less electron production, less photon attenuation does not mean less density increase in the final optical density. It should be kept in mind that more energetic electrons generated through higher energy photons would generate cascades of electrons through inelastic collisions with other electrons. Therefore, although primary electron flux generated by the photons may have a small magnitude, the secondary electron flux levels can be significant due to the ionization caused by the primary electron flux. In figure 4 , we provide electron energy spectrums induced by 50 and 500 keV photons. In this case a 3 mil front screen was used. The plot designated as "entry" points out the position where the emulsion interfaces with the front intensifying screen. "Exit" points out the interface between the front emulsion and base material. The "middle" point is the midway from the entry point to the exit point. In 50 keV photon beam case, sharp increase around 24.5 keV represents £-shell electrons from silver. These energy levels can be computed through equation (1) . There are Z, a -shell electrons from silver around 49 keV. AT-shell electrons from bromine are grouped around 36.5 keV. Since attenuation by bromine is less than silver, that peak is not very visible. One important observation is about L ft -shell electrons from silver in the screen. These electrons are born with energies in the 34-37 keV range. Since such an energy level is very low for electrons to travel, those electrons are visible only at the entry plot. In the middle and exit plots, they diminish because electrons from the screen can not reach there. In 500 keV plot, the peak around 412 keV is due to AT-shell electrons from PbO screen. All three plots have similar magnitudes at that energy level. That points out to the fact that electrons born in the screen can travel to the exit point very easily due to their energy levels. L a and M y shell electrons from the screen and electrons from the emulsion form the peak between 450-500 keV range. Since electron flux is dampened very rapidly for such high-energy peaks, the tail between 10-400 keV range should represent the electron flux resulting from Compton recoiled electrons. The Compton recoiled electrons form a continuous spectrum rather than a discrete one. Figure 5 displays effect of the photon energy levels on electron flux distributions for three different screen combinations. In the first graphic where there is no screen, electron flux goes down to very small values very rapidly. In the second graphic where there are 3 mil back and front screens, electron flux for 100 and 250 keV beams provide electron fluxes that are close to 50 keVbeam. Although 1000 keVbeam induces a lower level electron flux, we start to see a cross talk between the front and back emulsion layers. In the third panel where there are 5 mil and 9 mil front and back screens, we do not see much difference between 50, 100 and 250 keV beams. The overall layers are basically the same as the second panel. The same is true for 1000 keV beam as well. The only difference between the second and the third panel seems to be the reduction in the 50 keV beam electron flux levels. In another approach, we kept the photon beam energy fixed and varied the intensifying screen thicknesses to see the effect of the screen thickness on the electron flux distribution. In figure 6 , the photon energy beam is 50 keV. First of all, we increased the front screen thickness while there was no back screen. As it is seen from the first panel, 1 mil front screen increases the electron flux but thicker screens reduce the flux. This should be due to the fact that thicker screens start to act as filters rather than acting as intensifying screens. In the second and third panel, we varied the back panel thicknesses for fixed front screen thicknesses. Since electrons recoiled through Compton scattering will have a forward direction, electron flux in the back emulsion will be mainly due to local electron production in the emulsion and photoelectric electrons coming from the back screens. For both second and third cases, there has been an increase in the electron flux levels with the introduction of back screens compared to the no screen cases but varying the thickness of the back screens did not change the electron flux magnitudes. This should be due to the fact that any photoelectric electron born will have very low energy levels around 34-37 keV levels and this is not high enough electron to travel back to emulsion unless electron is born right at the interface. The same approach has been tried for 100 and 250 keV photon beams as well. The results for the 100 keV are given in figure 7 . As seen in the first panel of figure 7 , 1 mil front screen almost doubles the electron flux levels in the front emulsion. With the thicker front screens, we see some drop in the electron flux levels. This should be due to the fact that electrons generated in the far side of the screen can not make it to the emulsion. Since the photon beam decreased due to attenuation in the far side, the electron production in the close vicinity of the emulsion is reduced and this causes electron flux levels in the emulsion to drop. The introduction of the back screen provides exactly the same behavior that was seen in the 50 keV case. 250 keV photon beam results are shown in figure 8. One point that distinguishes this case from the previous two cases is that photoelectrons born in intensifying screens and emulsion seem to have enough energy to travel through the base material. As it will be seen in all three panels, relative magnitudes of the electron flux in the emulsion is quite high. Therefore any increase in the photon beam energy is likely to cause cross talk between the front and back emulsion layers. In this case, we see a very large increase in the electron flux levels with introduction of intensifying screens. Increasing screen thicknesses does not bring additional benefits for this case. 
CONCLUSIONS
In this article, we studied the electron production in a generic film through Monte Carlo studies. Electron production has a direct bearing on the detection efficiency of the industrial film. One thing that was shown in this work is that energy spectrums of the uncollided and scattered fluxes incident upon the film are not significantly different than from each other under normal conditions. Therefore, both scattered and uncollided fluxes will have similar impact on the industrial film optical image formation. It is not proper to attribute some other functions to the intensifying screens. Another conclusion that can be drawn from the computations is that detection efficiency is much better at the low energy levels around 50 keV. At higher energy levels, electron production decreases significantly to negligible levels. The only reason there are still some electrons at high energy levels is that few electrons produced by the primary photons induce a cascade of ionization process that, in turn, produce a lot of electrons. As shown in results section, about 1 mil thick PbO screens contribute to electron production for 50 keV photon beam case. As the thickness is increased further, intensifying screen starts to act as a filter rather than an intensifying screen. This breakeven thickness level is higher for higher energy photon beams. Although it was not shown here due to space limitations, the data obtained in this work show that screen thicknesses can be increased further to 3 mils for energy levels around 500 keV and to 5 mils around 7000 keV. When the screen thickness is increased beyond the limits, screen starts to act like a filter and electron production efficiency starts to decrease. There is cross talk between front and back emulsions for energy range above 250 keV and electron production in the front and back emulsion are determined by the thickness of both front and back screens.
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